We established a model of the bacteria-macrophage interaction to study the cellular basis of Legionella pneumophila pathogenesis and to characterize avirulent L . pneumophila . We found that U937 cells, which are derived from a human histiocytic lymphoma cell line, support intracellular growth of L . pneumophila with a doubling time of 6 h, and that sustained intracellular growth is associated with a cytopathic effect (CPE) that can be detected by microscopic examination and quantified with the vital stain 3-(4,5-dimethyl thiazol-2-yl)-2,5,-diphenyl tetrazolium bromide (MTT) . An L . pneumophila isolate obtained directly from infected guinea-pig spleens can grow and produce CPE in these cells, destroying most of the cell layer after 72 h of growth . Only 106 organisms of this strain are required to kill 50% of guinea-pigs inoculated by the intraperitoneal route. In contrast, an avirulent isolate derived by 203 successive plate passages of the same strain can neither kill guinea-pigs at an intraperitoneal inoculum of 10' nor grow or produce CPE in U937 cells . Since the cells were able to differentiate between a virulent and an avirulent strain of L . pneumophila, we conclude that U937 cells are an appropriate model system for study of the bacteria-macrophage interaction .
Introduction
During the course of Legionnaires' disease, Legionella pneumophila replicates primarily intracellularly within alveolar macrophages .' ,' To characterize the intracellular life cycle of this organism, investigators have employed a variety of host cells capable of supporting growth, including human monocytes,' free-living protozoa," human and animal epithelial cell lines,' '8 and primary explanted macrophages from various origins . 9-14 To our knowledge, there have been no prior attempts to demonstrate intracellular growth of L . pneumophila in a host cell having both the properties of a human alveolar macrophage and the properties of a continuous cell line .
The purpose of this study was to determine if a cell line with these combined properties would permit the intracellular growth of L . pneumophila and whether this cell line could discriminate between guinea-pig virulent and avirulent derivatives of L .
pneumophila . Such a cell line would have the obvious advantages of ease of use, reproducibility, and relevance to native human infection . As a candidate cell model system, we chose the U937 cell line, which was derived from a human histiocytic lymphoma ." This cell line is maintained as replicative non-adherent cells having many of the biochemical and morphological characteristics of blood monocytes . , 6 When treated with phorbol myristate acetate (PMA), U937 cells differentiate to become adherent, non-replicative cells with characteristics of tissue macrophages, including isoenzyme patterns, 17 CR3 expression, 18 and other phenotypic markers ." Because of these properties, this cell line has been used by investigators to support the growth of other intracellular pathogens .' [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] We validated the U937 cell line as a model for L . pneumophila/macrophage interaction by demonstrating that PMA-transformed U937 cells support the intracellular growth of L . pneumophila bacteria . In addition, we showed that this macrophage model can distinguish guinea-pig-virulent from avirulent strains of L . pneumophila .
Results

Kinetics of intracellular growth
In preliminary experiments we confirmed that PMA-transformed U937 cells would adhere to the base of wells on polystyrene tissue culture plates and that the cells resisted displacement by vigorous washing . Using this monolayer system we next determined whether L . pneumophila would grow intracellularly .
We incubated L . pneumophila with U937 cell monolayers for 2 h, at which time we removed the extracellular bacteria by washing the monolayer three times . During the logarithmic phase of growth, the bacteria doubled in number every 6 h ( Fig . 1) , and the infection continued until the macrophage layer was destroyed . To show that growth is dependent on the presence of intact cells, we incubated the bacteria with 5 x 10 5 U937 cells that had been disrupted by three cycles of freeze/thaw . No growth was noted under these conditions ( Fig . 1) , or when the bacteria were incubated with Dulbecco's Modified Eagle Medium supplemented with 10% fetal calf serum (DMEM/FCS) alone (data not shown) .
To corroborate the ability of U937 cells to support the intracellular growth of L . pneumophila, we examined the 72 h-infected monolayer by fluorescence microscopy after staining with an FITC-labeled anti-L . pneumophila monoclonal antibody . When we examined the living cells, which do not permit antibody penetration, we saw no bacteria associated with the cells [ Fig . 2(A) ] . In contrast, when the cells were first fixed with methanol to permit intracellular penetration of the antibody, we found that bacteria were clearly visible in association with the cells [ Fig . 2(B) ] . Thus, the organisms were present and growing within the cells .
Loss of U937 cell viability during bacterial growth During the course of the intracellular growth experiments, we noted that the U937 cells were destroyed as the infection proceeded . Using the vital stain 3-(4,5-dimethyl thiazol-2-yl)-2,5,-diphenyl tetrazolium bromide (MTT) to quantitate the number of living cells present during the infection, we were able to measure the amount of monolayer destruction . MTT, a colorogenic substrate for mitochondrial dehydrogenase, is reduced in living cells to a purple formazan which can be quantitated spectrophotometrically . 22 As described below (Materials and Methods), there is a linear correlation between MTT staining, measured at OD550, and U937 cell viability .
To quantitate the monolayer destruction by the growing bacteria, we incubated the organisms with the U937 cells at a ratio of 10 :1 (bacteria : cells) for two hours and then killed the extracellular organisms with gentamicin sulfate, an antibiotic that does not penetrate phagocytic cells . 23 The only surviving bacteria would be those sequestered within the U937 cells . After removing the antibiotic, we determined the number of viable (i .e ., intracellular) organisms by mild detergent lysis of the cells, and the number of viable U937 cells by vital staining . We found that the number of viable U937 cells associated with the cultures decreased over time as the bacteria increased in number (Fig . 3) . In contrast, U937 cells incubated with dead L . pneumophila showed no loss in viability over this time demonstrating that host cell death is Table 1 Comparison of the parent L . pneumophila strain with the multiply passaged derivative .
a Number of guinea-pigs killed 3 d after inoculation by the intraperitoneal route with 106 bacteria .
' CFU's after 72 h of infection were determined by detergent lysis of the cells followed by plate counts .
Obtained after We found that, in contrast to the parent strain, L . pneumophila strain 1 30b :203 was incapable of killing guinea-pigs after intraperitoneal inoculation (Table 1) . Whereas there was no difference in the ability of the strains to grow in artificial media, the parent strain was much more capable of growing in U937 cells (Table 1) and producing CPE during intracellular growth (Fig . 4) than the long-term passaged derivative. Thus, loss of guinea-pig virulence was paralleled by loss of U937 cell virulence but not by change in growth ability in artificial media .
Discussion and conclusions
The purpose of the present study was to establish a reproducible and relevant in vitro system of L . pneumophila/macrophage interaction so that we can proceed to investigate the interaction between the parasite and the host at the cellular level . We have previously identified and cloned several protein antigens of L . joneurnophila, 27-29 and we plan to determine the role of these proteins in the interaction of these bacteria both with U937 cells and with human alveolar macrophages . To perform these studies, we require a model of cellular infection that reflects the in vivo interaction and can be used to screen mutants that are defective in intracellular growth . For this purpose, the system of choice must : Although explanted human alveolar macrophages would seem to be the most physiologic model available, it presents two serious problems as a screening assay :
(1) the difficulty in obtaining a continuous supply of fresh cells, and (2) Since we have shown that L . pneumophila replicates in U937 cell culture and that the increase in bacterial number over time is due to intracellular growth of the organism, the U937 cell model fulfills the most basic requirements as a model for the study of L .
pneumophila/macrophage interaction . The model also shows that growth is coincident with a loss of viability of the host cells . Moreover, we found that a derivative of strain 130b that had been passaged on BCYE plates more than 200 times not only lost its ability to infect guinea-pigs, but also became unable to grow in U937 cells and cause the associated CPE . By these criteria, the U937 cells are a suitable model for the study of L . pneumophila/macrophage interaction .
Materials and methods
Bacteria . Maintenance of L . pneumophila serogroup 1, strain 130b has been described . 29 The bacteria (10') were inoculated into the peritoneal cavities of guinea-pigs and recovered from the spleen three days later . The organisms were stored in 0 .01 M phosphate buffered saline, pH 7 .4 (PBS) at -70°C and passaged minimally on buffered charcoal yeast extract agar (BCYE) . The strain was again passaged through guinea-pigs immediately prior to this study .
For each experiment several colonies were scraped off the surface of the agar and inoculated into filtered yeast extract broth as described ." After 24 h on a shaking incubator at 37°C, the culture had reached a cell density of 1-2x10 10 CFU/ml . The bacteria were then harvested, washed in Dulbecco's Modified Eagle Medium (DMEM, Gibco, Grand Island, NY, U .S .A.), and used to inoculate the U937 cells . U937 cells . U937 cells were kindly provided by Dr J . J . Marr (University of Colorado, Denver, CO, U .S .A .) and maintained as the replicative non-adherent monocyte-like cells in DMEM supplemented with 10% fetal calf serum (FCS) and 50 yg/ml gentamicin sulfate . Under these conditions, the doubling time of the U937 cells was typically 12 h (data not shown) .
When the culture was at late logarithmic phase of growth (around 10 6 cells/ml), the cells were diluted to 2-3x10 6 cells/ml and 12-0-tetra decanoylphorbol-13-acetate (TPA, Sigma, St Louis, MO, U .S .A .) was added at a final concentration of 10 -6 M for 48-72 h . The cells were removed from the flask with 0 .2% EDTA, washed with DMEM and distributed into wells of either a 24-well or a 96-well plate (Costar, Cambridge, MA, U .S .A.) at cell densities of 5 x 10 5/well and 2 x 105 /well, respectively . By examining the plates with an inverted microscope, we estimated that these densities resulted in a 50-75% covering of the surface of the plate .
Coincubation of L . pneumophila with U937 cells. After the macrophages had settled onto the plates (1-2 h) , the bacteria were added in DMEM at a ratio of 1 :1 (bacteria : cells) and incubated for 2 h . After three washes with 1 ml DMEM, the cultures were incubated in DMEM/FCS . At each time point, the cells were lysed by the addition of 50 µl of 2% Triton X-100 (final concentration of 0 .1 %, which did not affect the viability of the bacteria) . The bacterial count was determined by diluting the lysate in saline and spotting aliquots (10 PI) onto BCYE plates .
An equivalent number of macrophages (5x 105 /ml) were disrupted by three cycles of freezing and thawing . When stained with the vital stain Trypan blue we found that all the cells were dead . The disrupted macrophages were then incubated with 10 3 organisms (without washing or incubating with antibiotics), and the number of viable bacteria was determined every 24 h .
Cytopathic effect. The cytopathic effect (CPE) of the organisms was determined by assaying the number of viable U937 cells remaining in the wall after infection with L . pneumophila . To distinguish between living and dead U937 cells, we used a vital stain, the tetrazolium salt 3-(4,5-dimethyl thiazol-2-yl)-2,5,-diphenyl tetrazolium bromide (MTT, Sigma, St. Louis, MO, U .S .A .), as previously described .22 To standardize the relationship between color reaction and the number of remaining viable cells, we plated serial dilutions of transformed U937 cells into 24-well plates . We added 50 PI of a stock solution of MTT (5 mg/ml dissolved in PBS and filter sterilized) to the wells of the assay and incubated for 4 h at 37°C . The supernatants were expelled and 1 ml acid-isopropanol (0 .04 N HCI in isopropanol) was added to each well . After thorough mixing, the optical density of each well was read at several wavelengths using acid-isopropanol as a blank . The correlation between the optical density and number of viable cells was determined by staining various numbers of live cells . A regression analysis using the method of least squares showed a high degree of correlation between staining and cell number (r > 0 .99) .
As living aerobic bacteria would also be expected to incorporate the dye, we determined the minimum concentration of L . pneumophila required to give absorbance under these conditions . This concentration (10 8 /ml) was never attained during the growth of these organisms in the U937 cells (data not shown) .
To demonstrate a cytopathic effect on the cells, we plated U937 cells onto a 96-well plate and infected them with L . pneumophila at various bacteria : cell ratios . We then incubated the cultures with gentamicin sulfate (50 ug/ml) to kill the extracellular organisms . (By performing bacterial assays with different concentrations of gentamicin, we found that >99% of the inoculum had been killed after 2 h with a concentration of 50 ug/ml .) We then washed the cultures, incubated them in 0 .1 ml DMEM/FCS and at each time point we added 5 ul of the stock solution of MTT as described above, reading the plates on an EAR 400 AT automatic ELISA reader (SLT Labinstruments USA, Ronkonkoma, NY) at OD550 . In some experiments the organisms were killed with gentamicin prior to adding the bacteria to the monolayers .
Production and characterization of a serogroup 1 specific monoclonal antibody . L . pneumophila were harvested from colonies grown on BCYE agar, washed in PBS, and adjusted to a concentration of 10 10 bacteria/ml . The bacteria were then either boiled for 30 min or incubated for 12 h in 2% formaldehyde at 4°C . The bacteria were then stored at -70°C . For each inoculum, the bacteria were pooled and inoculated intraperitoneally into two Balb/c mice (Jackson Laboratories, Bar Harbor, ME, U .S .A .) . The first inoculation contained a total of 1 x 10 9 organisms and the subsequent inoculations, given 2 and 4 weeks after the original, contained 5x10 8 organisms . Four days after the last injection, the mice were sacrificed and splenic cells were fused with SP2 cells as described by Oi et a/. 31 Monoclonal antibody (mAb) 1 C5 (IgG3) was found to be specific for L . pneumophila serogroup 1 and was purified on a Protein A sepharose column (Biorad, Richmond, CA, U .S .A .) according to the manufacturer's directions .
Direct fluorescence assay of intracellular bacteria . Fluorescent labeling was performed by previously described methods ." Briefly, 1 mg of mAb 1C5 was dialysed against a 0 .1 M carbonate buffer, pH 9 .5, 10 ug fluorescein isothyocyanate (FITC) was added and the mixture was stirred in the dark for 2 h . The unbound FITC was removed by filter dialysis on a miniAmicon system (Danvers, MA, U .S .A .) . The conjugated 1 C5 (FITC-1 C5) was stored at -70°C and diluted 1 :100 in PBS for routine use .
TPA-treated U937 cells were plated onto 12 mm diameter glass coverslips, and inoculated as described in the kinetics studies . All subsequent stops were performed at room temperature . The cultures were fixed in methanol for at least 5 min to allow the mAb to penetrate the macrophages . The samples were then washed in PBS, and 50 yl of FITC-1 C5 was added for 30 min . The samples were then washed in distilled water, air dried, and mounted onto a slide with Bacto FA mounting fluid (Difco, Detroit, MI, U .S .A .) . The slides were examined with a Zeiss fluorescent microscope (Carl Zeiss Inc ., New York, NY, U .S .A .) using vertical illumination, and photographs were taken with a Zeiss Ikon camera using T-MAX 100 film (Eastman Kodak Co, Rochester, NY, U .S .A .) .
Living cultures were stained by inverting the coverslip on a drop of FITC-1 C5 and incubating 15 min at 37°C in the presence of 7% CO 2 . The cultures were examined as before and photographs were taken within 15 min .
